he most common neurodegenerative diseases are characterized by the presence of abnormal filamentous protein inclusions in nerve cells of the brain. In Alzheimer's disease, these inclusions are made of hyperphosphorylated tau protein (1) . Together with the extracellular ␤-amyloid deposits, they constitute the defining neuropathological characteristics of Alzheimer's disease. Tau inclusions, in the absence of extracellular deposits, are characteristic of progressive supranuclear palsy, corticobasal degeneration, Pick's disease, argyrophilic grain disease, and frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) (1). The identification of mutations in Tau in FTDP-17 (2) (3) (4) has established that dysfunction of tau protein is central to the neurodegenerative process. At an experimental level, the expression of mutant human tau in nerve cells is leading to improved models of neurodegeneration. In this issue of PNAS, Kraemer et al. (5) describe lines of Caenorhabditis elegans expressing transgenic wild-type and mutant human tau protein. They represent an important addition to existing transgenic models for the human tauopathies.
Tau protein is widely expressed in the mammalian nervous system, where it plays a role in the assembly and stabilization of microtubules (1) . In adult human brain, there are six isoforms of tau, produced from a single gene by alternative mRNA splicing (6, 7) . They differ by the presence or absence of a 29-or 58-aa insert in the N-terminal half and by the inclusion, or not, of a 31-aa repeat, encoded by exon 10 of Tau, in the C-terminal half of the protein (Fig. 1a) . The exclusion of exon 10 leads to the production of three isoforms, each containing three repeats, and its inclusion leads to a further three isoforms, each containing four repeats. The repeats constitute the microtubule-binding region of tau, and similar levels of three-and four-repeat isoforms are expressed in adult human brain. Repeat sequences homologous to those in tau are also present in the high-molecular-weight microtubuleassociated proteins MAP2 and MAP4. The genomes of C. elegans and Drosophila melanogaster encode only one protein with tau-like repeats.
Tau mutations in FTDP-17 are either missense, deletion, or silent mutations in the coding region, or intronic mutations located close to the splice-donor site of the intron following exon 10 (1). So far, 31 different mutations have been described in Ͼ80 families with FTDP-17 ( Fig. 1) . Functionally, Tau mutations fall into two largely nonoverlapping categories, those that influence the alternative splicing of tau pre-mRNA and those whose primary effect is at the protein level. The intronic mutations and most coding region mutations in exon 10 increase the splicing of this exon, changing the ratio between three-and four-repeat isoforms (3, 4) . Approximately half of the known mutations have their primary effect at the RNA level. They affect exon splicing enhancer and silencer sequences in exon 10 (8) or destabilize a predicted stem-loop structure located at the boundary between exon 10 and the intron that follows it (3, 4, 9) (Fig. 1b) . Thus, to a significant extent, FTDP-17 is a disease of alternative mRNA splicing. The other mutations affect tau isoforms directly. In accordance with their location in the microtubule-binding region, most missense mutations and the deletion mutations lead to a reduced ability of tau to promote microtubule assembly (10, 11) . A number of mutations may cause FTDP-17, at least in part, by promoting the assembly of tau into filaments (12, 13).
Kraemer et al. tau, and neurodegeneration, as indicated by axonal damage and nerve cell loss. Although similar changes were observed in all transgenic lines, expression of mutant tau resulted in a more severe neurodegenerative phenotype than expression of wild-type tau. Soluble, phosphorylated tau was expressed 1 day after hatching, when the nervous system looked normal. However, uncoordinated behavior was already apparent in some lines, indicating that the simple expression of mutant human tau was sufficient to cause nerve cell dysfunction. By immunohistochemistry, tau staining was observed in most nerve cells and their processes. Insoluble, phosphorylated tau was first detected 5-7 days after hatching. Its appearance was paralleled by progressive axonal degeneration and nerve cell loss, which were more severe in mutant than in wild-type tau lines. By electron microscopy, 9-day-old worms from the mutant lines showed degenerating axons throughout the ventral and dorsal nerve cords. By immunoelectron microscopy, tau staining in the axons was largely diffuse. Amorphous, tau-positive aggregates were only observed in worms transgenic for V337M tau.
How do these molecular and cellular changes compare with what has been observed in human diseases with tau pathology? Tauopathies in worms and humans share the progressive accumulation of insoluble tau and extensive neurodegeneration. However, there also some differences, the most conspicuous of which are a more modest phosphorylation and the absence of tau filaments in C. elegans. This is reminiscent of work in D. melanogaster, where the expression of wild-type and mutant human tau proteins in nerve cells led to a reduced lifespan and the loss of nerve cells, in the absence of tau filaments (14, 15) . Phosphorylation of tau appeared to be more extensive in the fly than in the worm. Moreover, coexpression of human tau with the fly homologue of glycogen synthase kinase-3␤, a candidate protein kinase for the hyperphosphorylation of tau, resulted in accelerated neurodegeneration and the formation of tau-immunoreactive inclusions (15) . Filamentous structures were observed, but they were not shown to be decorated by anti-tau antibodies. In contrast to what has been described in FTDP-17 (16), tau-induced neurodegeneration involved programmed cell death (15) . Taken together, it appears that conformationally altered, nonfilamentous human tau protein is neurotoxic in invertebrates.
What about vertebrate models for the human tauopathies? Expression of wild-type human tau in nerve cells of the sea lamprey has been shown to lead to the accumulation of filaments made of hyperphosphorylated tau and degenerative changes (17, 18) , indicating a possible link between the formation of tau filaments and the degeneration of nerve cells. Most work has been done in the mouse (19 -30) , where the transgenic expression of single isoforms of wild-type human tau resulted in large numbers of nerve cells with abnormal tau-immunoreactive cell bodies and dendrites, as well as signs of axonal degeneration and muscle weakness (19 -23) . Abundant tau filaments were not observed, neither was substantial nerve cell loss. The level of tau phosphorylation was lower than in the human tauopathies. Overexpression of nonfilamentous tau can thus cause axonopathy and muscle weakness in the mouse. However, these transgenic lines are incomplete models for the human tauopathies.
Mouse lines expressing single tau isoforms with missense mutations of FTDP-17 in nerve cells have provided more complete models (25) (26) (27) (28) (29) (30) . Some of these lines exhibited the essential molecular and cellular features of human tauopathies, including the formation of abundant filaments made of hyperphosphorylated tau protein and nonapoptotic nerve cell loss (25, 29) . Filamentous tau was hyperphosphorylated to the same extent as in human tauopathy brains, and most of the same sites were also phosphorylated in soluble tau, consistent with the view that hyperphosphorylation precedes filament assembly. In a recent study, an increase in the phosphorylation of soluble tau resulted in increased filament formation, suggesting that phosphorylation of tau can drive filament formation (31) .
Work on mouse models has shown a correlation between the formation of tau filaments and neurodegeneration, but it is not known whether the two phenomena are causally related. The findings in C. elegans and D. melanogaster suggest that this may not be the case, because neurodegeneration was effected by nonfilamentous tau of reduced solubility. Alternatively, the mechanisms of neurodegeneration in worms and flies may differ from those in mice and humans.
Disease models in C. elegans offer some advantages over mouse models, in particular with regard to the speed and relative ease with which genetic modifiers of disease phenotype can be discovered and pharmacological modifiers can be screened. Once identified, their relevance for mammalian model systems can be tested. In the future, this combined approach is likely to lead to a better understanding of the detailed molecular mechanisms by which the dysfunction of tau protein can cause neurodegeneration.
